I5 O 2 (T, = 2 minutes) rapidly diffuses into pulmonary blood and is cleared from the lungs within 10 seconds. The purpose of this study was to determine whether impaired clearance of inhaled O activity corresponded to the location of radiopaque emboli on chest radiographs. This study introduces a new technique of radionuclide imaging for detection of pulmonary emboli that is noninvasive, safe, sensitive, and repeatable at short intervals.
SINCE ITS introduction in 1964, perfusion lung scanning has achieved widespread application as a noninvasive diagnostic test for detection of pulmonary emboli. 1 
"
4 Several studies have confirmed the sensitivity of conventional lung scanning for detecting emboli by comparison with pulmonary angiography. 5 '" Numerous pulmonary lesions, however, including pneumonia, tumor, atelectasis, and emphysematous bullae cause perfusion defects which may be confused with pulmonary emboli. 7 " 10 The introduction of xenon-133 ventilation scintigraphy has considerably augmented the diagnostic predictive value of lung scanning."" 12 Nevertheless, the diagnosis of pulmonary emboli by radionuclide scanning often remains difficult in patients with underlying chronic lung disease or congestive heart failure. 5 -13 In this study, we describe a new approach to radionuclide imaging for detection of pulmonary emboli using serial positron imaging after inhalation of a radioactive gas for imaging of stagnant flow resulting from regional pulmonary arterial obstruction. This technique uses inhaled carbon dioxide labeled with 15 O for dynamic imaging of pulmonary blood flow with a positron camera. The rationale for employing this approach is that carbon dioxide is evenly distributed to all pulmonary alveoli on inspiration and is almost instantaneously taken up by pulmonary capillary blood because of rapid diffusion of carbon dioxide across the alveolar membrane and absence of an alveolar end-capillary gradient for radioactive carbon dioxide.
14 As C
15
O 2 enters the pulmonary blood, it is almost instantaneously converted to H 2 15 O and Hco 3 by carbonic anhydrase in red blood cells. 15 The H 2 I5 O is cleared rapidly from the lungs with a half-time of approximately 5 seconds, 16 and the regional clearance rate of H 2 15 O has been shown to be directly proportional to regional pulmonary blood flow. 17 Because serial positron imaging of inhaled C I5 O 2 provides a noninvasive method for visualizing regional pulmonary flow dynamics, we applied this technique to the detection of experimental pulmonary emboli in dogs. It was anticipated that inhaled C 15 O 2 distributed to an oligemic segment of the lung distal to an embolus would be cleared more slowly than activity taken up by the normally perfused lung. As a result, radioactivity would remain in the oligemic zone and could be imaged with the positron camera, permitting determination of the site of the embolus and magnitude of the oligemic segment.
Methods

Oxygen-15 Production
Oxygen-15-labeled molecular oxygen (Tj = 2.1 min) was produced in the Massachusetts General Hospital cyclotron by 6 MeV-deuteron irradiation of N 2 + 4% O 2 at normal temperature and pressure. 18 After production by the 14 N (d,n) 15 O reaction, the 15 O was converted to C 15 O 2 by heating it over activated charcoal at 600°C. Any carbon monoxide produced was converted to carbon dioxide by passing the gas over cupric oxide heated to 500°C. 
Positron Scintigraphy
Serial pulmonary imaging after C 15 O 2 inhalation was performed with the Massachusetts General Hospital positron camera, a multicrystal scintillation devide with two opposing detector heads, each consisting of 127 Nal (Tl) crystals and 72 phototubes. 19 " 20 The detector heads permit coincidence detection of gamma photons emitted in opposite directions upon positron annihilation. A total of 2548 possible coincidence pairs of Nal (Tl) crystals are available for imaging, permitting a high resolution uniform field response over an area of 27 cm x 30 cm. The coincidence technique provides the collimation necessary for resolution and provides image formation independent of the depth of the activity from the detector heads. The data rate capacity of the camera (10,000 coincident counts/sec with approximately 10% random coincidence counts) is sufficient for sequential imaging with collection times of 0.15 second per image. 21 An image is constructed from the coincident data using a Modular Computer Systems Inc. computer model 11/10, which has 64 K bytes of core memory, 5.2 M bytes of disc storage, and a teletype terminal. The software system employed is the OS/S system, which makes available a higher level programming language PL/S. 22 Images are displayed on an oscilloscope from a 64 x 64 element matrix hardware interpolated to 128 x 128 elements. Each element has 64 possible grey levels and the display is refreshed from the computer core at 30 frames/sec.
23
Canine Preparations
Nineteen mongrel dogs (18-28 kg) were anesthetized with intravenous sodium pentobarbital (30 mg/kg), intubated, and ventilated with a positive pressure respirator on room air. After systemic heparinization with 5000 U of heparin, the right external jugular vein was isolated and cannulated with a 6-mm inner diameter glass tube filled with saline. In a group of four dogs, the right femoral vein was isolated, and a Swan-Ganz balloon catheter (Edwards Laboratories) was advanced via the right heart to the pulmonary artery under continuous pressure monitoring.
Administration of C 15 O 2
To simulate single breath inspiration, C 15 O 2 in air was injected rapidly as a single bolus directly into the endotracheal tube during inspiration. Each dose contained 2.0-2.5 mCi of C 15 O 2 in approximately 30 ml of air, and the activity of each dose was counted in an ionization chamber prior to administration. Injection was made at the onset of an inspiratory cycle so that the C 
Balloon and Catheter Occlusion of Pulmonary Artery
In a group of four dogs, regional pulmonary arterial blood flow was obstructed by passage of an inflated SwanGanz balloon-tipped catheter into the pulmonary artery wedge position. The 7F double lumen Swan-Ganz catheter inflated with 1.5 ml of air was advanced under continuous pressure monitoring through the right heart and out into the pulmonary artery until typical wedge pressures were recorded. Immediately after administration of C I5 O 2 in a single bolus, as described above, serial positron images were collected for 180 seconds. Serial images were obtained to determine the interval of time in which retained 15 O activity persisted in obstructed pulmonary segments and to permit kinetic analysis of the clearance of activity from these segments. The same protocol was repeated with a 5F Swan-Ganz catheter (0.8 ml balloon volume) and with end-hold Cournand catheters also advanced out to the wedge position.
To confirm that zones of retained 15 O resulting from catheter occlusion were equivalent to the regions of the lung bed perfused by the occluded arteries, the imaging sequence was repeated after injection of C 
Experimental Radiopaque Pulmonary Emboli
Autologous barium-impregnated blood clots were prepared by rapidly mixing 1.3 g of barium sulfate (Mallinckrodt) in 8 ml of freshly drawn blood, adding 2 ml of thromboplastin (Simplastin, General Diagnostics) and quickly injecting the mixture into glass tubing (1, 2, 3, and 5 mm inner diameter). Coagulation occurred within seconds and the clots were left in the tubing for several hours to allow clot retraction to occur. After extrusion from the glass tubing, the clots were cut in 0.5-to 1.5-cm lengths and individually embolized into the lungs via the cannulated right external jugular vein, with a 20-ml saline flush. Caution was exercised to avoid introduction of air emboli into the cannula during embolization. A total of 12 dogs received radiopaque emboli, and all underwent chest roentgenography in posterior-anterior and lateral projections to permit verification of the site of embolic obstruction identified by positron imaging.
To determine the limits of resolution of this imaging method for detection of small emboli, six dogs underwent embolization with individual small clots 1, 2, or 3 mm in diameter and ranging from 5 to 15 mm in length. Two additional dogs underwent injection of showers of small emboli (approximately 1 mm in diameter) to determine whether multiple small clots could be detected by this method. In a group of five dogs, C I5 O 2 imaging and chest roentgenography were repeated 24 hours after embolization of 5-mm-diameter clots, to demonstrate that focal zones of retained C I5 O 2 activity disappear as clot dissolution occurs. O and subtraction of the activity in the chest wall at each time interval, a monoexponential regression line was calculated for the resulting time activity curve by the least squares method. 24 Clearance rates were expressed in percent decrease per second of the instantaneous activity, 25 and correlation coefficients were calculated for the washout curves to determine the exponential curve fit.
Measurement of Regional
Embolization with Radiopaque Barium-Impregnated Silicone Spheres
To determine the smallest pulmonary arterial obstruction which could be visualized by positron imaging of inhaled C O was produced by passage of 15 O-oxygen over hot activated charcoal at a temperature above 85O°C. The CO 2 produced is absorbed by passing the gas through an absorbing agent (soda lime).
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Comparison with Gallium-68 Perfusion Imaging
To compare C 15 O 2 inhalation imaging with conventional lung perfusion imaging for detection of pulmonary emboli, positron imaging of injected gallium-68-labeled albumin microspheres was performed in three dogs following embolization of individual 3-mm-diameter blood clots to the lungs. Two x 10 6 tin-soaked human serum albumin microspheres (5 mg) were labeled with 0.5 mCi of gallium-68 (a positron-emitter with a half-life of 68 minutes) by a technique previously reported. 26 Ten minutes after completion of C 15 O 2 inhalation imaging, the 68 Ga-labeled albumin microspheres were injected in a foreleg vein, and counts for positron imaging collected over a 5-minute period. Perfusion defects in the resulting perfusion lung scan were compared to regions of retained activity on the C 15 O 2 inhalation scan.
Ventilation Imaging
To investigate the applicability of inhaled C 15 O 2 for imaging pulmonary ventilation, serial positron images were collected at 1-second intervals for the first 5 seconds immediately after C I5 O 2 inhalation in all dogs. The completeness and homogeneity of C 15 O 2 distribution throughout the lung fields was observed on these control images collected prior to induction of experimental emboli.
In five dogs, bronchial obstruction was induced by inflating 7F Swan-Ganz balloon catheters in the right or left lobar bronchi. To identify the site of balloon occlusion, each balloon was inflated with 1 ml of the C 15 O 2 -air mixture, and positron images were collected for several seconds displaying the activity in the balloon as a point source. With the balloon inflated, endotracheal administration of C 15 O 2 was repeated and images were again collected at 1-second intervals. The site of resulting ventilation defects was then correlated with the site of balloon bronchial occlusion.
Results
Baseline Pulmonary Imaging
Baseline C 15 O 2 inhalation images were obtained for all dogs before induction of experimental pulmonary emboli. Images collected in the first 5 seconds after inhalation displayed homogeneous distribution of radioactivity throughout both lung fields without any detectable ventilation defects. Pulmonary clearance of 15 O activity was rapid and symmetrical and a low level of activity remained evenly distributed over the lung fields due to H 2 15 O dispersed throughout the body water pool. Discrete regions of retained activity were not observed on any of the control images.
Catheter Occlusion of Pulmonary Artery
All positron C after occlusion of the lower right lobar artery with a 7F Swan-Ganz catheter. By the first second after C 15 O 2 inhalation, C I5 O 2 was evenly dispersed throughout the lung fields. By 5 seconds, activity was observed in the cardiac blood pool, and after 13 seconds, clearance from the lungs was complete. Residual activity persisting in the oligemic right lower lobe appears as an easily recognizable image. In all four dogs undergoing Swan-Ganz catheter occlusion, similar zones of retained activity were produced. Insertion of 8-and 12-mm diameter balloons always occluded flow to an entire lobe of one lung and resulted in images of enhanced activity persisting for longer than 4 minutes. After balloon deflation, prompt washout of the retained activity occurred within 5 seconds.
To demonstrate that the region of the lung field displaying retained activity was identical to the region of the pulmonary vascular bed perfused by the occluded artery, a sample of C 15 O 2 -labeled blood was injected through the central lumen of the Swan-Ganz catheter with the balloon inflated. Positron images collected immediately after injection showed that the labeled blood filled the region of the lung distal to the catheter, which corresponded with the area of increased 15 O activity obtained after C I5 O 2 inhalation (Fig. 2) .
FIGURE 4 Pulmonary C li O % images obtained (A) after embolization of a 3-mm-diameter clot to the left lower lobar artery and (B) embolization of a 5-mm-diameter clot to the same pulmonary segment. Note that the larger diameter clot causes retention of "O activity over a larger area of the left lobar lobe. Both images were collected over 5-second intervals, 10 seconds after C li O t administration.
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Similar images were obtained after placement of 6F and 7F end-hole Cournand catheters in the wedge position. Pulmonary arterial occlusion with the tips of these catheters (2.0 and 2.3 mm in diameter) resulted in small but discrete zones of retained activity (Fig. 3) . Confirmation that the site of focal retention of activity corresponded with the location of the catheter tip was obtained in each instance by injection of 1 ml labeled blood through the catheter lumen.
FIGURE 5 A: Chest roentgenograph taken after embolization of a 5-mm-diameter barium-impregnated blood clot to the left lobar artery. B: Scintigram obtained after C li O 2 inhalation in the same dog displaying a discrete zone of retained activity in the region of the lung distal to the site of the embolus. C: Chest roentgenograph taken 24 hours after embolization showing complete resolution of the clot. D: Scintigram taken 24 hours after embolization showing only background "O activity. The zone of retained "O activity has disappeared due to clot lysis.
FIGURE 6 Sequential C'^Oi scintigrams taken (A) immediately after embolization of a 5-mm-diameter clot to the right apical lobar artery and (B) 2 hours later. Note reduction in the area of retained
Experimental Pulmonary Emboli
In all eight dogs receiving barium-impregnated blood clots ranging in diameter from 3 to 5 mm, discrete easily visualized images of retained activity were produced after C 15 O 2 inhalation (Fig. 4) . In each experiment the site of embolization was correctly determined by scanning, as confirmed by radiographic identification of the radiopaque embolus ( Fig. 5A and B) . Injection of 2-mm-diameter clots in five dogs also produced discrete images of retained activity, but only if the clots were greater than 10 mm in length. Single 1-mm-diameter clots could not be visualized. Most clots tended to embolize to the lung bases where blood flow is greatest. As would be expected, clots lodging in the central lung field tended to produce larger zones of retained activity than clots lodging in the periphery of the lung.
Images of 5 O 2 from normally perfused regions of the lung and before appreciable physical decay of 15 O. Count densities over emboli were 1.9 to 2.8 times the count densities over the equivalent zone of the contralateral lung. These count densities were adequate for visualization of activity retained by emboli using imaging times as short as 5 seconds (Fig. 4) .
Resolution rates of pulmonary emboli due to clot lysis were determined by repeating C 15 O 2 imaging at 10-minute intervals after embolization in four dogs and at 24-hour intervals in five dogs. Little change in the size of the oligemic zone was noted for the 1st hour, but by 2 hours after embolization definite reduction in the size of the ischemic zones were observed (Fig. 6 ). All five dogs reimaged 24 hours after embolization displayed normal C 15 O 2 scans, and all had complete disappearance of radiopaque emboli as shown by repeat chest roentgenography (Fig.5CandD) .
Radiopaque Silicone Spheres
Barium-impregnated silicone spheres caused discrete images of retained 15 O activity after injection of spheres 2.5 mm or larger in diameter (Fig. 7) . Injection of spheres 2.0 mm or less in diameter failed to produce images of retained 15 O activity. O activity due to emboli were less apparent.
Gallium-68 Perfusion Imaging
In all three dogs undergoing perfusion pulmonary imaging with gallium-68 albumin microspheres, perfusion defects were detected and corresponded to the site of single 3-mm-diameter emboli (Fig. 8) . All three dogs also displayed images of retained activity on C I5 O 2 imaging at the same embolic site. In each instance, the "hot spots" of retained I5 O activity were more apparent visually than the "cold spot" perfusion defects.
Regional C
O 2 Clearance Rates
Pulmonary arterial occlusion by balloon catheter, embolus, or silicone sphere caused markedly delayed clear- ance of 15 O activity from the corresponding pulmonary segment. For all three types of vascular occlusion, however, persisting blood flow in the oligemic zone was consistently demonstrated by a gradual decline in the time-activity curve measured over the oligemic zone (Fig.  9 ). The calculated rates of residual flow over the occluded zones varied widely according to the site of arterial occlusion and ranged from 0.086% to 3.77%/sec. Representative clearance rates measured over pulmonary segments occluded by the three different techniques are presented in Table 1 . The clearance rates were reproducible when repeated in triplicate and were monoexponential as indicated by correlation coefficients calculated after the curves were linearized by transformation to the natural logarithm. Oj in each animal preparation. * Correlation coefficients between activity measured at 10-second intervals and the best exponential fit by least squares method.
Ventilation Imaging
Positron images collected in all dogs immediately after C 15 O 2 inhalation displayed homogeneous distribution of activity throughout the lung fields without ventilation defects. Among the five dogs undergoing ventilation imaging after bronchial obstruction with inflated Swan-Ganz catheters, regions of decreased activity indicative of ventilation defects were identified in four dogs. Obstruction of bronchi supplying the diaphragmatic lobes resulted in less apparent ventilation defects due to "shine-through" phenomenon from activity in adjacent pulmonary segments. Obstruction of the apical lobar bronchi, however, resulted in more obvious ventilation defects.
Discussion
Inhalation of carbon dioxide labeled with oxygen-15 is a noninvasive means of rapidly labeling pulmonary capillary blood with radioactive water. 15 Single-breath inhalation of C 15 O 2 has been applied to measurement of regional pulmonary blood flow 27 and to dynamic visualization of the flow of blood through the left heart. 28 Studies in patients have demonstrated the usefulness of external scintigraphic detection of inhaled C 15 O 2 for quantitation of left to right shunts, 1 "-29 -'"' measurement of myocardial perfusion, :n visualization of the left ventricular cavity in end-systole and end-diastole, 32 and measurement of redistribution of pulmonary blood flow.™ Oxygen-15-labeled carbon dioxide is an optimal agent for positron scintigraphy of pulmonary emboli because of its unique physical properties. Due to the low pCO 2 at the venous end of the pulmonary capillary and the rapid diffusion of carbon dioxide across the alveolar membrane, inhaled C 15 O 2 is avidly taken up by pulmonary blood. 15 After the radioactive water is cleared from the lungs by pulmonary washout, it is distributed throughout the water space of the body, resulting in a low homogeneous level of background activity.
This study introduces a noninvasive scintigraphic technique for the detection of pulmonary emboli, utilizing the physical properties of 15 O-labeled carbon dioxide for rapid labeling of pulmonary blood. After single breath inhalation of C 15 O 2 , the oxygen-15 is rapidly cleared from the lungs by pulmonary blood flow, leaving behind oxygen-15 retained by stasis of blood distal to embolic obstruction. This retained oxygen-15 can be detected by a positron camera and displayed as a "hot spot" of activity against the low level of background activity. As demonstrated in this experimental model of pulmonary arterial obstruction in anesthetized dogs, the technique is highly sensitive and reproducible for detecting small emboli and provides a visual image of the zone of impaired blood flow distal to emboli. The sensitivity of this technique for detection of small emboli was tested experimentally by three methods of pulmonary arterial obstruction: catheter occlusion, autologous clot embolization, and embolization with silicone spheres. For all three methods, arterial obstructions greater than 2 mm in diameter consistently produced discrete images of retained activity, whereas smaller diameter obstructions failed to produce visually recognizable images of increased activity. This limit of resolution compares favorably with both pulmonary angiography and perfusion lung scanning. Limits of resolution for both of these methods have been reported to be as small as 2 mm, although pulmonary emboli of this caliber frequently escape detection with both techniques. 34 " 37 The sensitivity of C I5 O 2 inhalation imaging for detecting small emboli is undoubtedly related to at least three factors: (1) occlusion of a small arterial branch obstructs blood flow to a large segment of the pulmonary VOL. 42, NO. 1, JANUARY 1978 capillary bed, (2) "hot spot" images of retained activity are easily recognized against a background of low activity, and (3) coincident collimation of the positron camera permits high spatial resolution in two dimensions and high detection efficiency. 20 The two most likely explanations for retention of oxygen-15 distal to pulmonary emboli are that the activity is retained by stasis of blood or by localized edema fluid secondary to embolization. Because C I5 O 2 is a tracer for labeling both intracellular and extracellular lung water, 38 it is possible that the oxygen-15 is primarily retained by localized edema fluid. A more likely explanation, however, is that the oxygen-15 is retained in stagnant blood distal to emboli. In the present study, washout of retained oxygen-15 activity occurred within seconds after balloon deflation, suggesting that prompt clearance was due to resumption of pulmonary blood flow. In addition, inhalation of carbon monoxide-[
I5 O], which binds selectively to hemoglobin, resulted in images of embolic pulmonary segments similar to those obtained after C I5 O 2 inhalation. Clearance of C 15 O 2 from the lung has been shown to be appreciably slowed in the presence of advanced pulmonary edema. 39 Because diffusion of C I5 O 2 from the alveolar gas compartment into the pulmonary blood may be considered to be instantaneous, regional pulmonary blood flow may be measured by determining the exponential slope of the washout of 15 O activity over a segment of the lung. 25 Thus, the C 15 O 2 time activity curve over an occluded pulmonary segment provides an indirect assessment of blood flow persisting in that segment despite arterial embolization. In the present study, 15 O clearance rates measured over pulmonary segments occluded by balloon catheters, blood clots, or silicone spheres were reproducible and were monoexponential, confirming the applicability of the single compartment model to these clearance curves.
Although 15 O clearance rates varied considerably for different types of arterial obstruction and different sites of occlusion, significant blood flow was shown to persist in the pulmonary segments distal to sites of arterial obstruction. Previous studies in dogs have shown continuing blood flow in pulmonary segments distal to emboli through numerous collateral vessels. 40 Several investigators have previously observed rapid intravascular lysis of experimental pulmonary emboli in dogs. 41i 42 In this study, all dogs with autologous thromboemboli restudied at 24 hours showed complete disappearance of emboli by both chest radiography and C I5 O 2 pulmonary scans. In dogs undergoing repeat C I5 O 2 scans 2 hours after embolization, images of retained activity distal to emboli were reduced in size, suggesting partial restoration of flow at 2 hours. This observation coincides with the finding reported by Moser et al. 43 that lysis of experimental emboli in heparinized dogs is first detectable about 2 hours after embolization. The feasibility of using repeated C 15 O 2 imaging to follow the resolution of pulmonary emboli was demonstrated in this study and is a practical possibility because of the very low radiation exposure resulting from repeated inhalation of C 15 O 2 . The concept of using an inhaled radioactive gas for detection of pulmonary emboli by imaging radioactivity focally retained by stasis of blood was first introduced by Taplin et al. 44 His group reported the use of a tungstencollimated gamma camera for imaging oligemic pulmonary lesions after single-breath inhalation of "C-carbon monoxide. Positron scintigraphy of inhaled C I5 O 2 , however, offers several advantages over gamma imaging of inhaled "CO. The coincidence counting capability of the positron camera provides superior collimation for detection of the 511 keV gamma photons emitted by both 15 O and "C. Because "CO binds to hemoglobin as carboxyhemoglobin, the activity in pulmonary and cardiac blood pools results in higher background activity which may obscure the presence of an oligemic zone. In the present study, images of selectively localized 15 O activity were more readily visible after C 15 O 2 inhalation than after ls O-carbon monoxide inhalation. Furthermore, because carbon monoxide diffuses more slowly across the alveolar membrane than carbon dioxide, 25 carbon monoxide remaining in the alveoli during imaging could be misinterpreted as evidence for pulmonary emboli.
In comparison to conventional lung perfusion scanning, positron imaging of C I5 O 2 provides measurements of regional pulmonary blood flow, this providing a means of measuring blood flow persisting in pulmonary segments distal to emboli. Because of the low radiation exposure of inhaled C I5 O 2 and its short half-life, positron imaging with repeated single-breath inhalation is possible at intervals as short as 10 minutes. Thus, serial positron imaging is readily applicable to studies on patients to quantitate resolution rates of pulmonary emboli.
In conclusion, these studies introduce a promising new radionuclide technique for detecting pulmonary emboli which is noninvasive, sensitive, safe, and repeatable at short intervals. With this technique, regions of retained 15 O activity distal to emboli can be imaged and regional flow rates measured. The principal clinical applications of this technique may be detection of pulmonary emboli in subjects with underlying cardiopulmonary disease and determination of resolution rates of pulmonary emboli in man.
